A dual active bridge (DAB) dc-dc converter with the conventional combined pulse-width modulation (CPWM) performs hard-switching operation in the low power range when the input or output voltage varies. In this paper, a novel modulation strategy named tunable dual pulse-width modulation (TDPWM) is proposed to modify Interval 1 of CPWM, which enables the DAB converter to perform complete zero voltage switching (ZVS) operation, only in the low power range, by adding two tunable parameters. In order to tune the two parameters accurately, the dead time effect and the parasitic components are considered in the complete ZVS analysis. In addition, the TDPWM strategy combines the three independent parameters into two tunable parameters and the fundamental phase which, enables bidirectional power transfer. The efficiencies of the DPWM and TDPWM operations are compared under various voltage variations using a prototype. The experimental results demonstrated that the complete ZVS operation with TDPWM achieved higher efficiency than that with DPWM when the input/output voltage was varied.
Introduction
The performance of power devices such as MOSFET has been significantly improved including high switching frequency and high voltage capabilities (1) . The usage of the power devices has reduced the size of the passive components in the power electronics applications. However, the high switching frequency operation increases the switching losses. Besides, the parasitic elements of the power device increase the snubber losses (2) . These losses can be reduced with a complete zero voltage switching (ZVS) operation (3) . The complete ZVS is a type of soft-switching, which achieves when the voltage of power device is completely zero before the power device is turned on. It is essential to identify the complete ZVS condition to improve the efficiency of high frequency switching power converters.
On the other hand, the integration of energy storage systems (ESS) with renewable energy sources have increased the popularity of bidirectional dc-dc converters (4) . There are several types of bidirectional dc-dc converters (5) - (13) . In this study, single-phase dual active bridge (DAB) dc-dc converter is considered because of the soft-switching capability and the bidirectional buck-boost operation (13) . However, there is a voltage variation at the output terminals of energy storages such as lithium-ion batteries and supercapacitors (14) (15) . In the wide voltage variation condition, the DAB converter has a limited complete ZVS range. Furthermore, since the DAB converter uses eight power devices, the hard-switching operation in the power devices increases the switching losses (2) . Most literature on the DAB converter focuses on the modulation strategy to increase the soft-switching range in * College of Science and Engineering, Ritsumeikan University 1-1-1, Noji-Higashi, Kusatsu, Shiga 525-8577, Japan the wide voltage variation condition (16) - (22) . The modulation strategies regulate three independent parameters (ϕ, τ P , τ S ). The phase ϕ is the phase shift between the square voltage of the two bridges. The primary voltage width τ P and the secondary voltage width τ S are the phase shifts between the legs within the primary and the secondary bridges, respectively. The soft-switching range has been increased with the modulation strategies in the previous researches (19) - (24) . Although the composite scheme in Ref. (19) can increase the soft-switching range in the voltage variation condition and has simple calculations, one degree of freedom (ϕ) has been neglected in the calculations. Reference (20) has included all the three independent parameters in a closed form solution. However, it requires an extensive number of online and offline calculations. Referece (21) has proposed a unified triple phase shift modulation that includes all the three independent parameters and requires simple calculations. However, the modulation strategy is only suitable for positive power transfer. Therefore, we have proposed a novel modulation strategy named combined pulse-width modulation (CPWM) that combines all the three independent parameters with simple calculations to transfer bidirectional power transfer (22) (23) . However, the CPWM strategy has hardswitching operation in the low power range (22) (23) . Then, we have also presented an improved modulation strategy for the complete ZVS operation in the low power range (24) . Although the complete ZVS operation has been discovered dependent on the parasitic capacitance and leakage inductance (3) , it did not include the dead time effect for more accurate analysis (25) . In this paper, the new modulation strategy named the tunable dual pulse-width modulation (TDPWM) strategy is proposed with simple calculations to operate in the complete ZVS condition in the low power range. In the new strategy, c 2019 The Institute of Electrical Engineers of Japan. the three independent parameters (ϕ, τ P , τ S ) are combined into two tunable parameters and the fundamental phase (α, β, ϕ f ). The parameters α and β are tuned based on the detailed theoretical analysis of the DPWM strategy considering the parasitic components and the dead time effect.
The paper is organized as follows: Section 2 introduces the DAB dc-dc converter. Section 3 analyzes the soft-switching range of the DPWM strategy. The TDPWM strategy is presented in Section 4. Section 5 analyzes the complete ZVS conditions to tune the TDPWM strategy. The experimental results are discussed in Section 6. Finally, the conclusions are provided in Section 7. Figure 1 displays a DAB dc-dc converter circuit. It consists of two full bridges (FB1 and FB2), and a transformer constructed with a relatively high leakage inductance L 1 . Each power device (S 1 -S 8 ) has an antiparallel diode. V dc1 and V dc2 are the primary and the secondary dc voltages, respectively. v P and v S are the primary and the secondary square voltages, respectively. The primary and the secondary windings of the transformer (N P and N S ) determine the winding ratio n = N P /N S . i L1 is the leakage inductance current. The voltage ratio is r = nV dc2 /V dc1 .
DAB DC-DC Converter

Circuit Configuration
The primary and secondary square voltages determine the flow of the leakage inductance current. The magnitude of the current flow is analyzed with the ideal equivalent circuit shown in Fig. 2 . The leakage inductance current i L1 flowing through the transformer also depends on the values of the leakage inductance L 1 , the primary square voltage v P , and the product of the winding ratio and the secondary square voltage nv S . The switching frequency f S also affects the leakage inductance current.
Modulation Strategy
The modulation strategy regulates the primary and the secondary square voltages to control the flow of the leakage inductance current. Basically, it consists of the phase ϕ, the primary square voltage v P , and the secondary square voltage v S . Figure 3 shows a conventional open-loop controller which controls the output power P o with one controllable parameter (fundamental phase ϕ f ). The modulation strategy shows that the three independent parameters (ϕ, τ P , τ S ) depend on the fundamental phase ϕ f . The pulse-width modulation (PWM) generator shows that the switching pattern of each power device (S 1 -S 8 ) depends on the three independent parameters. Figure 4 shows the relationship between the three independent parameters and the switching pattern of each power device. The phase ϕ is the phase between legs 1 (S 1 , S 2 ) and 3 (S 5 , S 6 ). The primary voltage width τ P is the phase between legs 1 and 2 (S 3 , S 4 ). The primary voltage width τ P determines the primary square voltage v P (2 or 3 level square ac voltage). The secondary voltage width τ S is the phase between legs 3 and 4 (S 7 , S 8 ). The secondary voltage width τ S determines the secondary square voltage v S (2 or 3 level square ac voltage). It is very challenging to modulate the three independent parameters to operate in the complete ZVS condition.
The relationship between the fundamental phase ϕ f and the three independent parameters is 
When ϕ f > 0, the power is transferred from the primary voltage to the secondary voltage (V dc1 to V dc2 ). When ϕ f < 0, the power is transferred from the secondary voltage V dc2 to the primary voltage V dc1 . As long as the sign of the fundamental phase is constant, the direction of the power flow is constant.
CPWM
We have proposed the CPWM strategy which regulates the three independent parameters based on the fundamental phase (ϕ f ) and voltage variation (r) (22) (23) . The CPWM algorithm combines the dual pulse-width modulation (DPWM) and the single pulse-width modulation (SPWM) strategies and requires mode classification to reduce the circulating current even if there is the input/output voltage variation (22) (23) . The CPWM algorithm is only applicable when the voltage ratio is equal to or less than one (r ≤ 1).
The CPWM waveforms are shown in Fig. 5 . Interval 1 and Interval 2 are for low and medium power transfer, respectively. The SPWM strategy is used at the medium power transfer because it can transfer from medium to high power range with low circulating current (17) . The DPWM strategy is used at the low power transfer because it can remarkably reduce the circulating current in the low power range (19) . Although the efficiency of the CPWM strategy is higher than the conventional phase shift modulation, legs 1 and 3 still operate in hard-switching with the DPWM strategy (23) . Theoretically, all legs operate in the ZVS condition with the DPWM strategy if all the leakage inductance current conditions (i L1 (0) < 0, i L1 (ϕ) > 0, i L1 (τ P ) > 0 and i L1 (τ S +ϕ) < 0) are satisfied. These leakage inductance current conditions indicate that the circulating current is essential to achieve the ZVS operation. However, in the previous paper, the leakage inductance current conditions of DPWM were set to i L1 (ϕ) = i L1 (0) = 0 where the phase was ϕ = 0 in the positive interval 1 and were set to i L1 (τ P ) = i L1 (τ S +ϕ) = 0 where the phase was ϕ = τ P −τ S in the negative interval 1 (23) . For the DPWM strategy to operate in the ZVS condition in the low power range, the leakage inductance current of the DPWM strategy has to be regulated to a requirement value.
Tunable DPWM
In this section, the DPWM strategy is modified with two tunable parameters to operate in the ZVS condition in the low power that has bidirectional power capability. Traditionally, in the negative power transfer, the phase is expressed in terms of the inverse phase ϕ defined by
The inverse phase ϕ is the phase between legs 2 and 4 (26) . The value of the inverse phase (ϕ ) remains positive even in the negative power transfer. In this paper, the phase ϕ and the fundamental phase ϕ f has positive and negative values, which enable the bidirectional power transfer without using the inverse phase.
Three Independent Parameters
DPWM is the modulation strategy that regulates all the three independent parameters. The DPWM strategy is the most complex because there are many combinations of the three independent parameters to operate in complete ZVS. Since the waveform in Figs. 5(b) and (c) are the best combination for this interval (19) , the leakage inductance current of this combination is analyzed in this paper. The current analysis is shown in Table 1 . In the steady state, i L1 (ϕ) = −i L1 (τ S + ϕ).
For the positive power transfer, the leakage inductance currents i L1 (0) and i L1 (ϕ) in Fig. 5 (c) have to be tuned for leg 1 and leg 3 to operate in the complete ZVS condition. From (2) and (5), the relationships between the three independent parameters are
and
To tune the leakage inductance currents in terms of the phase angles, the leakage inductance currents are replaced with two parameters α and β. Then, the equations become
where the parameters α and β are
The three independent parameters are combined into the fundamental phase and the two parameters α and β. From (1), (10) , and (11), the secondary voltage width is
From (9) and (12), the primary voltage width is
For the negative power transfer, the leakage inductance currents at i L1 (τ P ) and i L1 (τ S +ϕ) in Fig. 5(b) have to be tuned for legs 2 and 4 to operate in the ZVS condition. From (4), (5) and (6), the relationship between the three independent parameters becomes
To tune the leakage inductance currents in terms of the phase angles, they are replaced with two parameters α and β. Then, the equations become
The three independent parameters are combined into the fundamental phase and two parameters α and β. From (1) and (18), the phase is
From (1), (19) , and (22), the secondary voltage width is
From (19) and (23), the primary voltage width is
For the bidirectional power transfer, Eqs. (10), (14), (15), (22), (23), (24) are combined into 
From (25), (26), and (27) , the three independent parameters can transfer power bidirectionally. This strategy is named the tunable DPWM (TDPWM) strategy because the parameters α and β can be tuned to operate in the complete ZVS condition. The TDPWM strategy operates as a conventional DPWM strategy when the parameters α and β are zero.
When the secondary voltage width reaches π, the TDPWM strategy has reached its limit. At the same time, from (25) and (26), the fundamental phase and the primary voltage width are (π/2 − β)(1 − r) − α and rπ − 2βr, respectively. Figure 6 shows the graph of the three independent parameters varies with the fundamental phase of the TDPWM strategy. The boundary of TDPWM is different from that of DPWM. If TD-PWM is applied to CPWM, there will be a sudden change in the primary voltage width τ P and the phase ϕ when the fundamental phase is changed from the interval 1 to the interval 2. When the parameters α and β are considered, the power flow equation of DPWM becomes too complex. The three independent parameters τ P , τ S, and ϕ of TDPWM are different from those of DPWM. If TDPWM is applied to CPWM, there will also be a sudden change in the power flow of CPWM. Although the sudden changes in the three independent parameters and in the power flow are not discussed in this paper, these are challenges to improve the CPWM strategy.
Equations (25), (26), and (27) are only applicable when r < 1, and are not applicable when r = 1. In the case of r = 1, the DAB converter still has a limited ZVS range with the CPWM strategy due to the dead time effect and the parasitic capacitances in the light load range. Although this condition is not discussed in this paper, it is also one of the issues to improve the CPWM. In the case where the secondary voltage rises and the voltage ratio becomes more than one (r > 1), the equations of the TDPWM strategy are slightly different from the equations when r < 1.
When the voltage ratio is more than one, we express the primary and secondary voltage widths in terms of the inverse voltage ratio r defined by
Let the primary voltage width be larger than the secondary Fig. 7 . Equations of the TDPWM strategy for any value of the voltage ratio voltage width. Then, the primary and secondary voltage widths become
From (1), (29), and (30), the phase ϕ is
The equations of the TDPWM strategy for any values of the voltage ratio are summarized in Fig. 7 . From (12), (13) , (20) , and (21), the leakage inductance currents at i L1 (0), i L1 (ϕ), i L1 (τ P ) and i L1 (τ S +ϕ) for the complete ZVS operation are essential to the tuning of the parameters α and β. Figure 8 illustrates the complete ZVS operation during the switching transition (t 1 to t 2 ) of legs 1 and 3. In practice, each power device has a parasitic capacitance. Therefore, the complete ZVS operation is achieved in leg 1 or leg 3 when;
Complete ZVS Operation
The Leakage Inductance Current Conditions
1. the parallel parasitic capacitance of S 1 or S 5 is completely discharged before the power device (S 1 or S 5 ) is switched on at t 2 and 2. the current (i P or i S ) from the leakage inductance (L 1 or L 1 /n 2 ) flows through the antiparallel diode of the power device (S 1 or S 5 ).
In order to completely discharge the energy in the parasitic capacitances of the power devices (S 1 or S 5 ), the energy in the leakage inductance has to be enough to completely discharge the energy in the parasitic capacitances of the power dice (S 1 or S 5 ) (3) . The complete ZVS conditions of legs 1 and 3 are obtained from the energy balance with the charge-equivalent capacitance
and (a) switching transition of leg 1 (t 1 to t 2 ).
(b) switching transition of leg 3 (t 1 to t 2 ). 
respectively, where C par S1 is the parasitic capacitance of S 1 , and C par S5 is the parasitic capacitance of S 5 . Each value of C par S1 and C par S5 includes the parasitic capacitance of the printed circuit board. The parasitic capacitance of the power devices in each bridge are assumed to be equal (C par S1 = C par S2 = C par S3 = C par S4 , C par S5 = C par S6 = C par S7 = C par S8 ). Here, the relationship between the primary current i P and the secondary current i S is
Therefore, the leakage inductance current conditions for all legs to completely discharge the parasitic capacitances are
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The leakage inductance currents have to satisfy (35), (36), (37), and (38) for the complete ZVS operation.
DPWM with Dead Time
As shown in Fig. 8 , the voltage is rising gradually during the switching interval. In practice, the dead time phenomenon affects the current analysis especially when high switching frequency is applied. The dead time phenomenon should be also considered to tune the parameters α and β accurately. Figure 9 shows the DPWM waveform with dead time. We assume that that the parasitic capacitance of each power device is completely discharged before the power device is turned on. The leakage current analysis with dead time is shown in Table 2 . In terms of phase angle, the dead time is
For the positive power transfer in the TDPWM strategy, the DAB converter operates in the complete ZVS condition when the leakage inductance conditions in (35) and (36) are satisfied. From (35), (36), (39), (40), and (46), the relationship between the three independent parameters is modified as
Then, in terms of the phase angles, they are replaced with two parameters α and β. Then, the equations become
The DAB converter operates in the complete ZVS condition in the positive power transfer when the parameters α and β are tuned to (52) and (53).
For the negative power transfer in the TDPWM strategy, the DAB converter operates in the complete ZVS condition when the leakage inductance conditions in (37) and (38) are satisfied. In addition, we assume that there is no dead time effect (ϕ dead = 0) between 0 ≤ θ ≤ ϕ dead because the parasitic capacitances charged rapidly at i L1 (0). The equation (46) is modified as
From (1), (37), (38), (44), (45), (46), and (54), the relationship between the three independent parameters become
The DAB converter operates in the complete ZVS condition in the negative power transfer when the parameters α and β are tuned to (59) and (60). 
Experiment
Prototype
A prototype of the DAB converter is designed based on Fig. 1 to compare the DPWM and the TD-PWM operations. The prototype is shown in Fig. 10 . The size is 33 cm × 37 cm × 6.5 cm. The power devices are SiC MOSFETs(ROHM). The core of the transformer is ferrite (PC40). The parameters of the prototype are summarized in Table 3 . The primary voltage is varied from 360 V to 400 V. The secondary voltage is varied from 150 V to 230 V. The primary to secondary winding ratio is 2:1. The leakage inductance is 95 μH. The switching frequency is 50 kHz. The dead time is 0.33 μs. The modulation strategy is implemented with a digital processor (TMS320F28377, TI). The fundamental phase is manually adjusted to reach the desired power. The three independent parameters (τ P , τ S , ϕ) are calculated from the TDPWM equations in Fig. 7 .
DPWM Waveforms
The prototype is operated with the DPWM strategy in Ref. (23) under voltage ratio 0.75 and 1.27. Figure 11 shows the DPWM waveform at the output power 200 W where the voltage ratio is 0.75. The black line is the primary square voltage. The green line is the secondary square voltage. The red line is the primary current. Figures 11(b) to (e) are the waveforms of the current and the voltage of the switching devices during the dead time. The blue line is the secondary current. Offset i P and Offset i S are the offset of the primary and the secondary current, respectively. The circles indicate hardswitching points. Figure 11(a) shows that the DAB converter operated in hard-switching only at i L1 (π). Figure 11(d) shows the hard-switching operation at i L1 (π). Theoretically, the DAB converter should operate in hard-switching at leg 1 (i L1 (0) and i L1 (π)) with the DPWM strategy because the insufficient current to discharge the parasitic capacitances. This phenomenon has been also observed in a previous 
• , τ S = 80 
• , τ S = 88
• research (27) . As can be seen, the offset of the primary current was about −0.8 A. Figure 11(b) shows that the offset has led to the incomplete ZVS operation at leg 1 (i L1 (0)). The offset of the secondary current was 0.2 A which is smaller than the primary current. Since the circulating current of secondary current is not enough to discharge the parasitic capacitances, Fig. 11(c) shows that leg 3 was operating in the incomplete ZVS condition. Figure 11 (e) shows that leg 4 was operating in the complete ZVS condition. Figure 12 shows the DPWM waveform at output power −200 W with the voltage ratio 0.75. The DAB converter operated in hard-switching at i L1 (ϕ), i L1 (τ P ), i L1 (π + ϕ), and i L1 (τ P + π). Similar to the previous results (23) , Figure 12 
• show that leg 3 was operating in hard-switching. Leg 1 was operating in complete ZVS. Since i L1 (τ P ) is not enough to discharge the parasitic capacitances, Fig. 12 (c) shows that leg 2 was operating in incomplete ZVS. Figures 13 and 14 show the DPWM waveforms at the output power 200 W and −200 W with the voltage ratio 1.27, respectively. Figure 13(a) shows that the DAB converter operated in hard-switching at i L1 (0), i L1 (τ P ), i L1 (π), and i L1 (τ P + π). Figure 13 (b) shows that leg 1 was operating in hard-switching. Leg 3 operated in complete ZVS. Since i L1 (τ S ) is not enough to discharge the parasitic capacitances, Fig. 13(c) shows that leg 4 was operating in incomplete ZVS. Figure 14(a) shows that the DAB converter is operating in hard-switching at i L1 (0) and i L1 (π). Figure 14 (c) shows that leg 3 was operating in hard-switching. Leg 2 operated in complete ZVS. Figure 14(b) shows that leg 1 operated in incomplete ZVS.
Tunable DPWM Waveforms
The prototype is operated in the complete ZVS condition under voltage ratio 0.75. The complete ZVS operation was achieved during the positive power transfer with the TDPWM strategy when the 
parameters α and β were tuned. Figure 15 shows the TDPWM waveform at the output power 200 W with the voltage ratio 0.75. The grey shaded area is the circulating current. The circulating current of the TDPWM strategy was larger than that of the DPWM strategy because the circulating current is needed to operate in the complete ZVS condition. Figures 15(b) and (c) show the secondary current and the voltage of the parasitic capacitances of the switching devices during the dead time. Figure 15 (a) shows that the current at i L1 (ϕ) in the primary current is almost 0 due to the offset current. However, Fig. 15(b) shows that the leakage inductance current at i S (ϕ) in the secondary current is enough to charge the parasitic capacitances of the switching device S 6 . Therefore, the parasitic capacitance of S 5 is fully discharged before S 5 is switched on at ϕ + ϕ dead . Theoretically, from Table 3 , (52), and (53), the converter operates in the complete ZVS condition if the parameters α and β are 11.12 and 2.73. In the experiment, the parameters α and β were round off to 11 and 3, respectively. As can be seen, all legs were operating in the complete ZVS condition. Therefore, the leakage inductance current at i L1 (ϕ), i L1 (0), i L1 (τ P ), and i L1 (τ S + ϕ) are enough to discharge the parasitic capacitances of the power devices. Figure 16 shows the TDPWM waveforms at the output power −200 W with the voltage ratio 0.75. Figures 16(b) and (c) show the secondary current and the voltage of the parasitic capacitances of the switching devices during the dead time. Figure 16 (a) shows that the current at i L1 (ϕ) in the primary current is almost 0 due to the offset current. However, Fig. 16(b) shows that the leakage inductance current at i S (ϕ) in the secondary current is enough to charge the parasitic capacitances of the switching device S 6 . Therefore, the parasitic capacitance of S 5 is fully discharged before S 5 is switched on at ϕ + ϕ dead . Theoretically, from Table 3 , (59), and (60), the converter operates in the complete ZVS condition if the parameters α and β are 9.19 and 4.72. In the experiment, the parameters α and β were round off to 9 and 5, respectively. As can be seen, all legs are operating in the complete ZVS condition. Therefore, the leakage inductance current at i L1 (ϕ), i L1 (0), i L1 (τ P ), and i L1 (τ S + ϕ) are enough to 
• discharge the parasitic capacitances of the power devices. Figures 17(a) and (b) show the TDPWM waveforms at the output power 200 W and −200 W with the voltage ratio 1.27, respectively. When the parameters α and β were tuned to 3 and 9, respectively all legs were operating in the complete ZVS condition at 200 W. When the parameters α and β were tuned to 7 and 6, respectively all legs were operating in the complete ZVS condition at −200 W. From the experimental results under the voltage ratio 0.75 and 1.27, the complete ZVS operation was achieved by the TDPWM strategy with the appropriate choice of the parameters α and β.
The two tunable parameters of TDPWM have little effect on the excitation of the transformer. From the experiment, the offset of TDPWM is lower than that of DPWM. In addition, the reduced primary and secondary voltage applied to the transformer reduces the possibility of core saturation and lower core losses.
Efficiency Comparison
The efficiencies of the prototype with the DPWM and the TDPWM operation are compared in this section. The efficiencies are measured with Figure 18(a) shows that the efficiency of the TDPWM operation was 2% higher than that of the DPWM operation at 400 W. The total power loss of TDPWM was 9 W lesser than that of DPWM at 400 W. Figure 18(b) shows that the efficiency of the TDPWM operation was about 6% higher than that of the DPWM operation at 400 W. The efficiency of the TDPWM operation was about 3% higher than that of the DPWM operation at −400 W.
The overall efficiency of the TDPWM operation was higher than that of the DPWM operation. This experimental result confirms that the complete ZVS operation improves the efficiency of the DAB converter. The switching loss and the snubber loss had greatly reduced with the complete ZVS operation.
Conclusion
A dual active bridge (DAB) dc-dc converter with the conventional combined pulse-width modulation (CPWM) has hard-switching operation in the low power range when the input or output voltage varies. In this work, a novel modulation strategy named tunable dual pulse-width modulation (TD-PWM) is proposed to modify the interval 1 of CPWM which enables the DAB converter to operate in the complete zero voltage switching (ZVS) condition only in the low power range by adding the tunable parameters α and β. The analysis discussed that the complete ZVS condition is dependent on the parasitic capacitances, the leakage inductances, and the dead time. Based on the analysis, the parameters α and β were tuned to operate in the complete ZVS condition. The experiments were carried out to verify the TDPWM operation with the prototype. The comparison between the DPWM (α = 0, β = 0) and the TDPWM operation (α 0, β 0) on the efficiency showed that the complete ZVS operation with the TDPWM strategy increased the efficiency of the DAB converter up to 20% in the low power range.
